Abstract-The ability to mimic the tactile feedback exhibited by the human hand in an artificial limb is considered advantageous in the automatic control of new multifunctional prosthetic hands. The role of a slip sensor in this tactile feedback is to detect object slip and thus provide information to a controller, which automatically adjusts the grip force applied to a held object to prevent it from falling. This system reduces the cognitive load experienced by the user by not having to visually assess the stability of an object, as well as giving them the confidence not to apply unnecessarily excessive grip forces. A candidate for such a sensor is a thick-film piezoelectric sensor.
Abstract-The ability to mimic the tactile feedback exhibited by the human hand in an artificial limb is considered advantageous in the automatic control of new multifunctional prosthetic hands. The role of a slip sensor in this tactile feedback is to detect object slip and thus provide information to a controller, which automatically adjusts the grip force applied to a held object to prevent it from falling. This system reduces the cognitive load experienced by the user by not having to visually assess the stability of an object, as well as giving them the confidence not to apply unnecessarily excessive grip forces. A candidate for such a sensor is a thick-film piezoelectric sensor.
The method of fabricating a thick-film piezoelectric slip sensor on a prototype fingertip is described. The construction of experimental apparatus to mimic slip has been designed and analyzed to allow the coefficient of friction between the fingertip and the material in contact with the fingertip to be calculated. Finally, results show that for a coefficient of friction between the fingertip and grade P100 sandpaper of approximately 0.3, an object velocity of 0 025 0 008 ms 1 was reached before a slip signal from the piezoelectric sensor was able to be used to detect slip. It is anticipated that this limiting velocity will be lowered (improved) in the intended application where the sensor electronics will be powered from a battery, connections will be appropriately screened, and if necessary a filter employed. This will remove mains interference and reduce other extraneous noise sources with the consequence of an improved signal-to-noise ratio, allowing lower threshold values to be used in the detection software.
Index Terms-Piezoelectric thick-film, slip sensor, Southampton hand.
I. INTRODUCTION
T HE INCLUSION of a slip sensor in a prosthetic hand is thought to be advantageous in controlling both multiple degree-of-freedom (DOF) hands and conventional single DOF devices. A slip sensor would be used as part of a control system to automatically adjust the force applied to an object if it begins to slip from the hand. This would remove the need for the user to visually assess the object they are grasping, as well as reduce the need to apply large forces to the object. Many different slip sensor solutions have been investigated by a number of researchers with limited success. Although today there are still no real slip sensors included in any commercially available hand, the idea of including them into a design can be tracked back to the 1960s [1] .
There are a range of applications throughout industry for slip detection devices, such as vehicle anti-lock braking systems (ABS), traction control, robotic grippers, and object handling (specifically with hazardous materials). Some of the existing solutions to these industrial problems include a magnetic roller ball sensor or rotating encoder [2] . However, the majority of these existing solutions are not suitable for inclusion in a prosthetic hand device due to the need for an anthropomorphic appearance, low weight, and low-power consumption.
Piezoelectric thick-film sensors are a prime candidate for a slip detection sensor. These sensors produce charge across their surfaces when mechanically deformed (for example, when acted upon by a force). This is known as the direct piezoelectric effect. They have a sensitivity of up to 130 pC/N [3] compared with a PVDF sensor of only 20-30 pC/N. The thick-film printing technique also allows sensors to be repeatedly and accurately placed directly onto the mechanical structure of a prosthetic hand at a low cost. In this case, a cantilever beam fingertip has been selected. Thick-film piezoelectric sensors have proved their ability to detect the vibrations caused by slip [4] , [5] . However, the sensor's ability has not previously been quantified in terms of the initiation of object slip.
A. Methods of Slip Prevention
A review of the literature reveals several different designs for preventing object slip in a prosthetic hand: one of the most popular is the piezoelectric sensor. Most of the work done with this type of sensor has used polyvinylidene fluoride (PVDF) strips [6] - [8] , most likely because they are cheap, easily available, and come ready to use. There are, however, a number of limitations with this type of sensor such as a low sensitivity of around 20-30 pC/N and a high sensitivity to temperature change [9] . The sensor activity changes by approximately 0.5% per C, which in the operating temperature range of a prosthetic hand of C in cold conditions to 50 C (or potentially higher) when holding a hot object means a 40% change in the activity of the sensor would occur.
Dario et al. [7] developed a fingertip for use on a robotic arm, using an overlapping configuration of eight rows and eight columns of piezoresistive silk-screened ink, to create an array of 64 force sensors. A piezoelectric ceramic bimorph element was also attached to the fingertip to be used as a dynamic force sensor in an attempt to detect slip. The piezoresistors had a measuring force range of 0.1-8 N with a maximum spatial resolution of 1 mm, which is the maximum resolution that a human fingertip can differentiate between two different objects 1530-437X/$25.00 © 2007 IEEE [8] . The piezoresistors were successfully used to detect the grip or normal force on an object, as well as any movement of the object in the grip associated with slip. The piezoelectric dynamic force sensor was not characterized for its slip sensing capabilities in this paper.
Mingrino et al. [6] investigated a method to detect the incipient slip by monitoring the normal and shear force from a grasped object. The force sensor used comprised four piezoresistive thick-film force sensors printed on a polymer film in a square configuration with each sensor being printed in a triangular shape pointing towards the center of the square. The force applied by gripping an object is coupled to the center of the sensor configuration via a cylinder. This then allows the normal force and tangential force of the object to be calculated from the force ratios applied to each thick-film resistor. By monitoring the normal and tangential forces and keeping the normal to tangential force ratio above a predefined level sets the lowest coefficient of friction limit to that value. Below this value, determined by the properties of the prosthesis glove and object, slip will occur and conversely above that value no slip will occur. It is, therefore, advantageous to set a high safety factor, allowing a range of objects to be gripped. This is essentially the same method used in the OttoBock Sensor Hand™ Speed [10] .
Cutkosky and Tremblay [8] , [11] developed a slip sensor using accelerometers mounted on the inside of a silicone rubber skin. To allow the accelerometers to vibrate, a dome shaped piece of foam bulks out the skin producing a fingertip shape. The foam and the side of the rubber skin were both attached to a solid mounting base. The skin was made from a self-leveling silicon rubber 1.5 mm thick with small nibs on the outside surface. This is so that when slippage occurs some of the nibs at the edge of the grasped object break contact and snap back to their original position causing local vibrations. These vibrations were then picked up by the accelerometers and PVDF strips which were attached to the underside of the skin. The signals obtained from the accelerometer have been successfully used in conjunction with a tangential normal force sensor to control a five linkage robotic finger, limiting the slip of an object occurring even when a sudden change in load was applied.
B. The Southampton Hand
The Southampton Hand Project has been ongoing since its beginning in the 1960s investigating a range of potential improvements to prosthetic hands. These improvements include the control system, mechanical functionality, and the integration of sensors for automatic control. The current mechanical design of the hand is based on the Southampton REMEDI Hand [12] , [13] and can be seen in Fig. 1 . The hand consists of six small electrical motors, two of which are used to actuate the extension-flexion and rotation movements of the thumb with each of the remaining four motors being assigned to individual fingers. Each finger is made from six bar linkages which when extended or flexed curl in a fixed anthropomorphic trajectory [14] . To reduce the power used to hold an object, the fingers are driven via a worm wheel gear configuration, thus preventing the finger being back driven after power is removed from the motor. The worm wheel drive also increases the torque produced from the small motors to provide a 9 N grip force at the end of each finger. The hand is controlled using the Southampton adaptive manipulation scheme (SAMs) control system in conjunction with a three DOF myo-classifier developed at the University of New Brunswick [15] . This controller allows up to four different grip postures to be preprogrammed into the hand and uses information provided by sensors in the hand to control the force applied to an object by each of the fingers and the thumb. For example, if an object begins to slip from the hand, an increase in force will be applied until slip is no longer detected. Or if a high temperature is detected which may damage the prosthesis, the hand could alert the user to take appropriate action. This automatic control further removes the mental strain or concentration required to operate the hand.
Previous work has investigated the potential of optical and capacitive-based force sensors, with microphones to detect slip at the fingertips [16] - [18] . The work reported here represents an alternative method for producing these types of sensor.
II. FINGERTIP DESIGN
Recent research at Southampton has concentrated on producing an array of sensors on a fingertip shaped beam. This has been accomplished using thick-film printing techniques [19] . Fig. 2 illustrates a prototype fingertip with three types of printed sensor. Each sensor replicates a type of sensor found in the natural human hand [20] . The piezoelectric dynamic force sensor is used to detect slip in a similar manner to the fast adapting mechanoreceptive afferent units. So for example, when a step input is applied, a signal is generated which decays with time. The sensor is thus used to detect vibrations across the fingertip associated with slip.
The piezoresistive strain sensors act as slow adapting mechanoreceptive afferent units. The fingertip is modeled on a cantilever beam structure with the piezoresistors located close to the root where the maximum strain is produced [21] . When a force is applied to the end of the fingertip, the structure bends and the resistance of the piezoresistors change in proportion to the applied force and the output remains at a constant value until the force changes. The piezoresistors are also arranged in such a manner as to allow an accurate force to be calculated independently of the position of the load (as long as the force is applied distal to the resistors location on the beam) using resistance ratios. This technique and experimental results are described in more detail in [5] along with the characteristics of the force and temperature sensors.
The temperature sensor (formed from a thermistor paste) represents the thermosensitive units found in the human hand and can be used for temperature compensation of the other sensors, which could range from C in cold climates to over 50 C when holding hot objects. The temperature sensor can also be used to detect if an object gripped by the hand is too hot or too cold, and thus prevent damage to the prosthesis by automatically releasing the object.
A. Sensor Fabrication
Fingertip shapes were cut from a 2-mm-thick stainless steel (type 430S17) plate, then degreased using acetone and subsequently rinsed in deionized water to remove any potential contaminants which could affect the print quality. To isolate the sensors electrically from the stainless steel substrate three layers of dielectric paste (ESL 4986) were successively printed, left for 10 min to level out before being dried using an IR heater for 10 min at approximately 150 C, and then fired in a belt furnace for approximately 60 min, reaching a peak temperature of 850 C. A single layer of gold paste (ESL 8836) was then printed on top of the dielectric, left to level, dried and fired (using the same parameters used to create the dielectric layer) to form the bottom electrodes for each of the sensors. The piezoresistors (ESL 3914) and thermistor (ESL PTC-2611) were subsequently printed and fired in a further two stages using the same parameters. The PZT paste composition used in this application was developed at the University of Southampton. The paste comprises a mixture of two different sized PZT-5H powder grains of 2 m (72% total weight) and 1 m (18% total weight) in a 4:1 mixture weight ratio, mixed with 10% by total weight powdered glass binder (CF7575) and a solvent (ESL 400) to make it screen printable. Details of the paste preparation and optimized processing parameters can be found in [22] . The piezoelectric layer was printed and left to level for approximately 10 min before being dried in an IR drier at 150 C. A second layer was then printed on top of the first, left to level for 10 min before again being dried at 150 C in an IR drier. The two layers were then co-fired at a peak temperature of 950 C, producing a film thickness of approximately 100 m. Finally, a top gold electrode (ESL 8836) was printed, left to level, dried and fired using the same parameters used to define the gold bottom electrodes. Fig. 3 illustrates the printed layers on the fingertip.
To activate the piezoelectric sensor a poling process was used, whereby a poling field of 4 MVm (approximately 400 V) was applied across the piezoelectric layer for 30 min at 150 C. The sample was then allowed to cool to room temperature before the voltage was removed. The (sensitivity of the samples) was measured using a take control PM35 piezometer [23] and revealed a sensitivity value of around pC/N.
B. Experimental Setup
In order to quantify the ability of the piezoelectric sensor to detect slip, it must be compared in some way to the real slip of an object. To achieve this, a slip apparatus was designed and built. It incorporated a rotary encoder to monitor object movement and acceleration, thus allowing a comprehensive comparison of the object's movement with that of the slip sensor signal. Fig. 4 illustrates the slip test equipment used throughout the experiments. The test equipment comprises a sliding block made from aluminium with four nylon headed screws attached to the bottom and two nylon screws attached to the side of the block. These screws allow the block to slide more freely against the side and the bottom of the aluminium angle base.
The fingertip is bolted to a plastic block held up by two studs in the same manner as it would be connected to the end of a prosthetic finger. To allow different forces to be applied to the fingertip two compression springs were placed over the studs so that when the nuts are tightened the springs apply a force to the block, which is then coupled through the end of the fingertip and onto the sliding block. This feature allows a range of applied fingertip forces to be analyzed.
To replicate slip, weights are attached to the front of the aluminium block via a metal cable and hung over a pulley attached to the base. When the weight is released it drops to the floor causing the "sliding block" to slip past the fingertip. A HEDS-5540 three channel rotary encoder with a resolution of 500 pulses per revolution (ppr) was mechanically coupled to the top of the block via a wheel using the bracket shown in Fig. 4 . The wheel has a 44 mm diameter and a circumference of approximately 138 mm. With 500 ppr from the encoder, a linear resolution of 0.276 mm per pulse is obtained.
C. Calibration of Applied Force
In order to calibrate the force applied by the fingertip, a Mecmesin Compact Gauge [24] force measuring device was used to measure the force at the fingertip holder block whilst the nuts were tightened together one full turn at a time. The Compact Gauge force measuring device is a handheld force gauge with a digital readout capable of measuring compression and tension forces up to 50 N with a resolution of 0.25 N. Fig. 5 shows that the springs obey Hooke's law (1) where is the force on the spring, is the spring constant, and is the change in length of the spring, and that for a full turn on both bolts the fingertip force increased by approximately 1.26 N.
D. Data Collection
In order to easily manipulate and analyze the signals, data was collected using a National Instruments 6036E data acquisition card (DAQ) and a purpose built program written in LabVIEW™ 7.1. The 6036E is a 16-bit card with 16 analogue inputs, 2 analogue outputs, and a maximum sampling rate of 200 kS/s. The slip sensor and encoder signals were sampled at a rate of 10 kS/s throughout each trial to allow all signals up to 5 kHz to be accurately represented in a digital form [25] .
E. Electrical Circuit Design
The charge output from all piezoelectric materials is generally very low and traditionally measured in pC/N. This signal has to be converted to a voltage and amplified so it can be accurately recorded. Fig. 6 illustrates the process used to amplify and filter the signal before the data was recorded. Initially, the charge from the sensor was converted into a voltage and amplified using a charge amplifier. The charge amplifier is built around the MXL1007 operational amplifier. The capacitances of the piezoelectric sensors differ between samples due to slight variations in sample thickness and are typically in the range of 1-7 nF . The gain of the charge amplifier was kept as near to unity as possible by selecting a feedback capacitor with a similar value . A second amplifier provides further gain. To avoid aliasing issues an anti-aliasing filter was incorporated into the circuit to allow frequencies above 1/2 of the sampling rate to be rejected, thus allowing an accurate digital picture of the signal to be generated. For this purpose, a Maxim 291 switched capacitor low-pass eight-pole Butterworth filter was selected.
The value of the feedback resistor R1 in the initial stage of the charge amplifier is very important since it controls the decay time and amplitude of the output from the piezoelectric sensor. A high-value resistor will produce a longer decay time with a high signal output, while a small value resistor will produce a faster decay time with a low signal output. For this particular application, a 1 M resistor was found to produce an optimal response.
F. Analysis of the Forces Acting on the Slip Test Apparatus
Analyzing the forces acting upon the test rig components and performing some simple experiments allowed the coefficient of friction between the fingertip and the sandpaper adhered to the sliding block to be calculated. Using similar methods, the coefficient of friction between the test rig base and the nylon screws was also obtained. The coefficient of friction between the fingertip and contacting surface is important to enable a comprehensive evaluation of the sensor's capabilities when detecting slip on everyday objects as there is expected to be a limit at which the coefficient of friction is too low to produce a signal. This limit is not expected to affect the use of the sensor as the user may be able to visually assess an object before deciding upon the grasp pattern they will use to pick up or hold that object. For example, most people would cup an ice cube in the palm of their hand while holding it rather than use their fingers and thumb.
The slip test apparatus has been modeled in Fig. 7 with all of the forces acting upon the test rig during its operation denoted. For ease of analysis, Fig. 7 has been divided into smaller free body diagrams (FBD) shown in Figs. 8-10 , where the following notation is used:
is the linear acceleration of the "sliding block" (m s ); is the linear acceleration of the "falling mass" (m s ); is the normal force produced by the mass of the block (N); is the force applied by the fingertip (N); is the inertial and frictional forces from the encoder (N); is the inertial and frictional forces from the pulley (N); is the mass of the "sliding block" (kg); is the mass of the "falling mass" (kg); and are the tension forces in the cable (N); is the coefficient of friction between the nylon screws and the aluminium base; is the coefficient of friction between the fingertip and the material adhered to the sliding block. I) Analysis of the Sliding Block: Resolving forces horizontally (2) The tension force in the metal cable is opposed by the friction forces created between the nylon screws on the sliding block and the bottom and side of the aluminium base. Friction forces created between the fingertip and material adhered to the sliding block , as well as inertia forces from the sliding block itself and the inertia and fictional forces from driving the motor encoder also oppose the tension force in the metal cable. Resolving forces vertically Assuming negligible inertia and negligible frictional losses of the pulley and encoder assembly and that the coupling wire is inextensible provides the following linking equations:
(5) (6) (7) (8) Substituting (3) to (8) into (2) yields the expression (9) This expression leaves three unknowns , and , which can all be found experimentally.
III) Experimentally Determining : To determine the sliding coefficient of friction , the sliding block was pulled along the base of the test rig at an approximate constant velocity by hanging weights on the metal cable, suspended over the pulley, and without the fingertip in contact with the block. The force was then calculated from the weight required to make the block slide (cf. Fig. 10 ). Resolving forces horizontally (10) The experiment was conducted six times and an average value of approximately 2.7 N was recorded (cf. Table I ). The AT DIFFERENT APPLIED FORCES mass of the sliding block was 1.336 kg and taking the acceleration due to gravity to be 9.81 ms allows the coefficient of friction between the nylon screws and aluminium test rig base to be calculated by substituting (3) into (10) (11) The value determined for of 0.2 is comparable with that found in the literature, giving confidence in this experimental method. For example, Carvill quotes the coefficient of friction for Nylon on steel under low pressure and with no lubrication as lying within the range 0.3 to 0.5 [21] .
IV) Experimentally Determining : The same procedure was then applied to the test rig to calculate the sliding coefficient of friction between the fingertip and the grade P100 sandpaper adhered to the sliding block , with a known force applied to the sliding block by the fingertip (cf. Fig. 8 ).
Resolving forces horizontally (12) Rearranging (12) allows to be calculated (13) In order to determine the coefficient of friction value, the force applied by the finger tip was increased from 0 to 4 N in 1 N increments. At each force increment, three force values were taken using the hanging weight method described earlier.
The fingertip force was then reset and the experiment was repeated. The average of six runs was used to calculate an average value at each force. These average values were then used to calculate an overall average value of approximately 0.3. This compares favorably with published values of friction coefficients between similar types of materials (e.g., 0.2 for metal on metal, 0.4 for leather on metal and 0.5 for acrylic on metal) [21] .
III. DATA COLLECTION AND ANALYSIS
The compression springs on the slip test apparatus were adjusted so that the fingertip applied approximately 1.25 N of force to a sheet of grade P100 sandpaper (with a similar surface roughness to that found on the striking surface of a match box), adhered to the side of the "sliding block" with double sided tape. A small stainless steel washer was glued to the back of the fingertip to prevent it being damaged by the sandpaper; this then couples any vibration forces to the sensor. Supported weights were attached to the cable connected to the "sliding block" (cf. Fig. 4 ). When released, this caused the block to accelerate past the fingertip, simulating slip. This experiment was subsequently repeated a number of times and the results analyzed in terms of the acceleration and velocity at which an initial slip signal was detected.
A. "Sliding Block" Acceleration
Calculating the acceleration and velocity of the "sliding block" allowed a direct comparison to be made between trials when the conditions of slip were the same and when they were not, and if this had any affect on the output signal. To obtain the acceleration of the block the cumulative encoder count was plotted with respect to the square of the time, as shown in Fig. 11 . The value of the acceleration can then be determined by multiplying the gradient of the graph by twice the encoder resolution (from ). Fig. 11 shows the encoder response to be linear indicating that the block is accelerating at a constant rate as expected. Similar responses were obtained for each of the trials, showing constant acceleration of the block in each case.
B. Setting a Threshold Level to Detect Slip Signal
A background noise reading was measured and rectified while the block was stationary. This revealed a peak noise level of 60 mV, allowing a suitable threshold of 100 mV to be selected for validating when the PZT signal was considered to be active. For each trial, the PZT and encoder signals were recorded simultaneously. The recorded PZT sensor signals were postprocessed in software. This involved first converting the digitized bipolar signals into their unipolar equivalents, in effect performing simple rectification. The resultant data set was then scanned in chronological order with each component of the data set being compared with the preset threshold level. Whenever the former exceed the latter, a threshold crossing event was recorded.
IV. RESULTS Fig. 12 shows a typical signal obtained from the encoder and piezoelectric sensor when the block slides across the aluminium base with approximately 1.25 N of force being applied to the block by the fingertip. The encoder signals shown in Fig. 12(a) and (b) are 90 out of phase and both show a narrowing in pulse width with time. This indicates that the block is accelerating. Fig. 12(c) illustrates the output from the piezoelectric sensor. It is interesting to note that the amplitude of the sensor signal tends to increase as the block accelerates. Finally, Fig. 12(d) shows the rectified piezoelectric sensors output with a superimposed threshold level of 100 mV. Fig. 13 shows the cumulative number of postprocessed threshold crossing events, for different threshold levels, from a single PZT sensor when a fingertip force of 1.25 N was applied to the block. The encoder signal recorded during the acquisition of the sensor data is also shown in the figure. Since the encoder has a fixed resolution (1 count is 0.276 mm), then the sum of the encoder counts is a direct measure of the distance traveled by the "sliding block." The encoder and PZT sensor signals are sampled at a fixed rate, therefore the gradient of the encoder signal represents velocity. It can be seen from the Fig. 13 that the gradient of the encoder signal increases over the duration of the experiment which implies that the velocity increases with time (left to right across the graph), i.e., the block is accelerating. This is confirmed in Fig. 12(a) and (b) , where the period of the encoder signals is shown to decrease over the duration of the experiment. The processed PZT signal for each threshold level bisects the x axis at different times, and hence at different velocities. Fig. 12(d) shows that at higher threshold levels, threshold crossing events are not recorded until later on in the experiment (i.e., at higher velocities). Conversely, at lower threshold values, threshold crossing events are observed much earlier in the experiment when the PZT sensor exhibits larger magnitude signals (i.e., at lower velocities). Thus, there is a limiting velocity before which slip cannot be detected, and the value of this velocity is proportional to the magnitude of the threshold used when counting threshold crossing events. Ideally, slip should be detected at the lowest velocity possible but this is where a tradeoff exists: setting a threshold level too low means that extraneous noise could register as a threshold crossing event giving the impression that slip had occurred when it had not. At a threshold of 100 mV, slip was detected after the block had moved a distance between 1.10-1.66 mm. Table II shows that the velocity (determined from the encoder signals recorded simultaneously for each trial and from the sampling rate) at which the initial slip was detected was similar for the first three trials with an average value across all four trials of approximately ms . Fig. 15 shows a linear power spectrum FFT for a typical trial and reveals that the frequency content of the slip signal for this particular material combination is contained in the approximate range of 200-1000 Hz. This frequency range is likely to be dependant upon the type of material in contact with the fingertip and more tests on alternative materials are required before the application of filtering the sensor signal can be considered. However, if it is possible to filter out all of the lower frequencies up to around 150 Hz, then this would eliminate the mains noise (50 Hz) and allow a higher gain to be applied to the sensor output for improved signal to noise ratios. In the real application, noise will be reduced by locating the charge amplifier next to the sensor, which was not possible in this case due to the size of the prototype electronics-the signal being transferred through a 20 cm length of shielded cable. The circuit will also be powered by a battery which will also reduce noise levels. Fig. 16(a) and  (b) show the output signal of the PZT sensor when it is lightly Fig. 16 . Sensor output when the prototype fingertip is lightly tapped for (a) amplifier circuit powered from a mains source and (b) amplifier circuit powered from a battery source. tapped. Fig. 16(a) shows the signal when the amplifier circuit is powered by a mains source, while Fig. 16(b) shows the output of the signal when the circuit is powered by a battery source. This reduced the peak noise level from 60 mV to approximately 30 mV. Both signals show a high initial output when tapped, which decays quickly with time and is notably different to that of the slip signal shown in Fig. 12 . This characteristic could be utilized within a control system in the hand to avoid erroneous closure, for example, if the user accidentally bumps into an object or taps the table. The signal can also be used to indicate the first contact with an object when the hand is closing.
V. DISCUSSION Fig. 12(c) shows evidence of a slip signal superimposed over background noise level (in this case, 50 Hz mains noise). However, the piezoelectric sensor's signal is much smaller than the noise signal and so a threshold cannot be accurately applied to it at an object velocity below 0.034 ms . This suggests that if the 50 Hz noise is reduced by placing the electronics closer to the sensor and powering the electronics with a battery source, then the slip signal may be detectable at a lower velocity, and possibly before the object has moved 1 mm. The rejection of the 50 Hz noise would also allow a much higher amplifier gain to be applied, allowing the slip signals to be investigated in greater detail. Fig. 14 shows an approximately linear relationship between the cumulative encoder counts and cumulative piezoelectric sensor's threshold crossing events. Since the encoder signal is a direct representation of the distance the object has moved, then it is reasonable to assume that the processed PZT signal also represents the distance moved by the object. The processed PZT signal, therefore, represents movement of the block, hence slip.
During everyday use there are a number of sources potentially producing erroneous signals from the slip sensor. These include bumping into an object or simply scratching your leg. For this reason, the sensor is intended to be used in conjunction with force sensors, motor encoders for finger tip position, and an intelligent control system. It is clear from comparing the piezoelectric sensor's response when lightly tapped to that of an object sliding that they are different and, hence, the tapping signals could be ignored. However, actions such as scratching your leg are likely to produce a similar response to a slip signal, so to avoid erroneous hand closure the position of the fingers and force applied to them can be taken into account, only allowing the signals from the slip sensor to be acted upon when the hand is in a grip mode.
It is likely that the surface properties (e.g., surface roughness, geometry, coefficient of friction between object and prosthesis) of a held object are related to the frequency and amplitude output of the piezoelectric sensor with respect to the velocity the object is traveling. If correct, then an FFT analysis maybe useful alongside other tactile information such as grip force in determining these characteristics. However, this type of analysis would still not be useful in controlling the force applied to an object within a prosthetics application. This is because a number of samples would have to be recorded before the surface properties could be determined. In real terms, this would mean the user of the prosthesis would have dropped the object they were holding before the surface properties and hence the force required to be applied to the object was determined. It is, however, a useful analysis in determining the frequencies which may be filtered out of the signal and also the minimum sampling rate which would be required in a prosthetics application to cover a range of surface geometries, coefficients of friction and velocities.
The analysis of the signal frequency content for different materials and surface geometries is important to enable an optimal frequency range to be selected for use in a prosthesis. This particular material combination shows very usable frequency content with no low frequencies, thus enabling mains noise to be removed and allowing enough characteristic data to be collected in a short period of time so that object slip can be detected quickly. The higher end of the frequency range is also not too high as to require a fast sampling device.
Other limitations will include low coefficients of friction not producing a large enough signal to define an object's slip, the damping effects of different glove types worn, and the position of the slip sensor in the prosthetic hand.
VI. CONCLUSION AND FUTURE WORK
With a coefficient of friction of approximately 0.3 between the fingertip and sandpaper, a velocity of ms was reached before a slip signal above the background noise was able to be used to detect slip. By reducing the threshold value used in the detection of threshold crossing events from 250 to 100 mV, it has been shown that the velocity at which the initial slip detection occurs is decreased. It is also evident that the slip signal from the PZT sensor began before it was detected at the threshold of 100 mV. Therefore, there is scope to reduce the background noise signal and use a much lower threshold value or increase the output gain, which would then allow the accurate detection of slip at lower velocities. This is the first experimental evidence that this type of thick-film piezoelectric sensor can be used to detect slip. The slip signal is a measure of relative velocity between the object and finger surface. It can be processed to obtain an estimate of the relative distance that an object has slipped.
This investigation has also proved the suitability of the apparatus to simulate slip under a range of conditions, e.g., acceleration, coefficient of friction, and fingertip force.
Further work is, therefore, required to investigate the lowest possible coefficient of friction required to trigger the signal at an acceptable object velocity with an optimal fingertip design.
